ABSTRACT Ab initio calculations are used to investigate the proton transfer process in bacteriorhodopsin. HN=CH2 serves as a small prototype of the Schiff base while HCOO-models its carboxylate-containing counterion and HO-the hydroxyl group of water of tyrosine, leading to the HCOO-H+ NHCH2 and HO-H+ NHCH2 complexes. In isolation, both complexes prefer a neutral pair configuration wherein the central proton is associated with the anion. However, the Schiff base may be protonated in the former complex, producing the HCOO-+HNHCH2 ion pair, when there is a high degree of dielectric coupling with an external polarizable medium. Within a range of intermediate level coupling, the equilibrium position of the proton (on either the carboxylate or Schiff base) can be switched by suitable changes in the intermolecular angle. pK shifts resulting from a 600 reorientation are calculated to be some 5-12 pK U within the coupling range where proton transfers are possible. The energy barrier to proton transfer reinforces the ability of changes in angle and dielectric coupling to induce a proton transfer.
INTRODUCTION
The question of whether a proton is associated with one group of a hydrogen-bonding pair or its partner is of great importance in the mechanism of a number of proteins (1) (2) (3) . The shuttling of a proton from serine to histidine must occur in serine proteinases in order for the former residue to attack the peptide substrate (4) . In an example central to bioenergetics, it is the proton release from the Schiff base of the bacteriorhodopsin chromophore, resulting from earlier photon absorption, that enables the protein to pump protons against the chemical gradient of the biomembrane (5-7). The mechanism whereby protons are held on one group of a protein until the appropriate point in the reaction, and then released to another group remains poorly understood.
One way of attacking the unanswered questions of proton transfer on a fundamental level is via ab initio quantum mechanical calculations. Sets of calculations have been carried out in this laboratory and others over the years (8) (9) (10) (11) (12) (13) to seek an understanding of the proton transfer process in an isolated setting, free of external influences. A number of interesting principles have emerged which may have direct bearing on the problem, even in the context of a protein molecule. For example, the barrier to proton transfer is surprisingly sensitive to the distance separating the two groups involved in the transfer (8, [14] [15] [16] . Hence, transfers across long H-bonds become untenable for time scales appropriate to enzymatic activity (17) . It appears also that the equilibrium position of a proton can be shifted from one group to its partner by certain adjustments of the angular character-874 istics of the H bond that connects them (18) (19) (20) (21) . Principles such as these could have obviously far reaching implications in how proteins are able to control proton states of various residues.
Before these principles can be applied, however, it is first essential to determine how the influence of a protein-like environment modulates the set of rules developed for in vacuo transfers. Past work in this laboratory has addressed the issue of neighboring ions and permanent dipoles (22, 23) . It has been found that these entities exert their influence on the proton transfer through electrostatic force which is a purely additive phenomenon. Interestingly, the H-bond appears to magnify this force relative to what would be expected for a naked proton. In addition to particular polar species, the protein environment consists of a large number of polarizable groups extending throughout the entire macromolecule. The purpose of this communication is to examine the latter effect in some detail.
In particular, we focus on the Schiff base because of its known importance in bacteriorhodopsin. Although the precise nature of its counterion remains uncertain, recent evidence indicates it to be the carboxylate group of Asp (6, [24] [25] [26] [27] [28] [29] . We therefore concentrate our efforts on the protonated Schiff base-Asp pair, modeled here by H2CNH2' and HCOO-. We ask the question as to whether angular readjustments of the H-bond connecting them can induce a proton transfer within the protein environment or in an in vacuo situation. The problem is studied over a range of strength of the coupling with the polarizable environment. Also investigated is the dis- (1)
METHODS
Ab initio calculations were carried out using the 4-31G basis set (30) . The Gaussian 86 and 88 codes (31) were used for geometry optimizations and for in vacuo calculations. The self consistent reaction field approach, as implemented in the MONSTERGAUSS program (32) , was used to place the system within a spherical cavity carved out of a dielectric continuum.
The deprotonation energies of CH2NH2', HCOOH, and HOH were computed as the difference in energy between each species and the respective deprotonated moiety, viz, CH2NH and the anions HCOOand OH-, allowing full geometry optimization of each. These proton affinities are reported in Table 1 where they are compared with experimental data. The entries in the first column refer to the purely electronic contributions, i.e., the difference in electronic energy between AH+ on one hand and A + H+ on the other (the electronic energy of the proton is zero). AH is obtained after adding in nuclear contributions, viz, vibrational zero-point energies, translational, and rotational effects, as well as a AnRT term.
Not unexpectedly, there are discrepancies between the SCF/4-31G and experimental deprotonation energies, due to the fairly small size of the basis set and lack of correlation. These discrepancies amount to some 7 kcal/mol for H2CNH2' and HCOOH, and 27 kcal/mol for HOH. However, what is most important for our purposes is not the deprotonation energy per se, but rather the difference from one molecule to the next. For example, the best available information indicates that it requires 131 kcal/mol more energy to remove a proton from HCOOH than from H2CNH2' (33, 35) . This result is precisely reproduced at the SCF/4-31G level. The situation is not quite as favorable for the HOH/H2CNH2+ pair where the latter is more acidic by some 177 kcal/mol, somewhat smaller than the SCF/4-31G difference of 194. It may be concluded that the level of theory used here will treat extremely well the competition for the proton between HCOOand H2CNH, but the HO-anion will have a slightly inflated preference in comparison to H2CNH.
Tapia's formulation of the self consistent reaction field (SCRF) approach (36) (37) (38) (39) was used to incorporate the effects of an external dielectric medium. The system of interest is placed within a spherical cavity of radius a hollowed out of a medium, characterized by 
IN VACUO RESULTS
Several different conformations were examined for the complex pairing CH2NH2+ with HCOO-. As illustrated in Fig. 1 , in all cases, the 0-H group of HCOOH was allowed to form a hydrogen bond with the nitrogen atom of CH2NH. The syn and anti-geometries of the complex refer to the corresponding arrangement of HCOOH wherein the OH proton is respectively cis or trans to the other oxygen atom. The syn-C structure is similar to syn (40) . We have hence carried out parallel computations for the situation where the above angle is held fixed at one of several values. Specifically, proton transfer potentials were calculated for a = 900, 1200, 1500, and 1800.
The resulting potentials are illustrated for the syn structures, with a = 1200, by the curves in Fig. 3 Upon replacing the -COO ion by -HO-, one obtains a similar result. Indeed, due to the even greater proton affinity of the latter anion, a righthand well corresponding to the ion pair is completely absent from the potential, even for R as large as 3.0 A. (A second minimum is present only for the case where a = 1800 and is poorly defined even here.) DIELECTRIC 
MEDIUM
The nonzero values of g in Fig. 3 refer to potentials computed with the foregoing system placed within a cavity hollowed out of a dielectric continuum, as described above in Methods. Enlargement of the value ofg corresponds to increasing dielectric constant of the surrounding medium in the manner prescribed by Eq. 1 above (for each system, g was changed by holding the cavity radius a fixed and varying dielectric constant E. Cavity radiuses used were set equal to R(N O)).
In each case, it is clear from Fig. 3 that such a strengthening interaction with the medium leads to a progressive stabilization of the ion pair well on the right. The left well is also lowered in energy but to a much lesser extent. As a specific example, Fig. 4 illustrates the dependence of the energy of both the neutral pair (solid curves) and ion pair (broken curves) minima as a function of influence of medium for the syn arrangement with R = 2.75 A. Over the course of increasing e from 1 to 50, the neutral pair energies stabilize by perhaps 5-10 kcal/mol. The ion pairs, in contrast, are lowered in energy by as much as 100 kcal/mol.
As an example of the magnitude of the environmental effects, consider the syn geometry where R = 2.75 A and a = 1200. In an in vacuo situation, the neutral pair in which the proton resides on the carboxylate rather than the imine is preferred by some 21 kcal/mol. When g reaches 0.023, however, the two wells are about equal in energy. Stronger interaction results in preferential stabilization of the ion pair, i.e., proton transfer from carboxylate to imine. This preference grows to nearly 30 kcal/mol wheng reaches 0.045.
The shift in proton equilibrium position from one group to the next can be visualized in Fig. 5 , where the energy difference between the two wells is presented as a function of coupling with the dielectric medium. For each intermolecular distance R and each angle a considered, it it evident that the environment exerts a strong influence over the relative energies of the neutral and ion pair minima. In vacuo AE takes on a value of 17 + 5 kcal/mol for various angles a for R = 2.75 A. The positive values correspond to preference for the neutral pair versus the ion pair. Increasingg causes a drop in AE in all cases although the precise sensitivity varies from one geometry to the next. The syn a = 1800 configuration shows the greatest sensitivity, with AE decreasing to -70 kcal/mol when g has risen to 0.045. The smaller angle of 120°changes more slowly, diminishing to only -30 kcal/mol over the same range in g; the 900 configuration undergoes even smaller variation.
This differing sensitivity of AE for various values of a produces an important implication. One can take A(AE) = AE(a = 120°) -AE(a = 1800) as a measure of how much influence a 60°change in the intermolecular angle can have upon the shape of the proton transfer potential. Specifically, this quantity reflects the change Fig. 6 . One can trace the source of the differing behavior of the three angles back to the energies of the neutral and ion pairs themselves. As Fig. 4 indicates, the change in energy of the neutral pairs as g is increased is essentially identical from one angle to the next; i.e., the four np curves in Fig. 4 are nearly parallel. These neutral pairs are stabilized by the environmental interaction but not to a great extent. The ion pair stabilization is much more extreme. They also behave differently in that the sensitivities of the ip curves tog are greatest for larger angles.
What is it that makes the a = 1800 ion pair more sensitive to the external medium? The answer resides in the charge distribution of the complex. The Fig. 6 is rather flat. Nonetheless, this quantity hovers around 10 kcal/mol for all values of g, suggesting that a reduction in a from 180°to 1200 can shift the relative pKs of the HCOO-and NHCH2 groups by some 7 U.
The point at which the neutral and ion pairs become equal in energy is of particular significance as it marks the transition from one type of equilibrium structure to the other. Considering first the syn conformations, characterized by the solid curves in Fig. 5 , the a = 1800 curve crosses the AE = 0 line at g = 0.014, whereas the lesser sensitivity when a = 1200 causes the transition to be delayed until g = 0.023. The dependence of the transition point upon the angle is exhibited in Fig. 7 Fig. 6 which shows that the 600 reorientation can change the relative pKs by nearly 20 U when g = 0 but rapidly diminishes to 0 as g rises to 0.04.
Another important characteristic of the proton transfer potentials is the barrier to proton transfer. The barrier, EPt, is computed as the difference in energy between the maximum in the potential and the left minimum, corresponding to the neutral pair. This barrier is presented as a function of g for a variety of geometric arrangements in Fig. 8 . Not surprisingly, as g increases with its concomitant preferential stabilization of the right side of the potential, the barrier to transfer FIGURE 8 Energy barrier to proton transfer from oxygen to nitrogen. Lower groupings of curves refer to E t in HCOO----H+---NHCH2. Solid curves correspond to syn conformation and broken to anticonformation. Triangle data points represent a = 900; circles, 1200; squares, 150°; and diamonds, 180°. Upper curves refer to HOH-..NHCH2 with R = 3.0 A. Values of e along upper scale apply rigorously only to HCOO----+HNHCH2 system for which R = 2.75 A.
from neutral to ion pair diminishes. It is interesting that most of the curves in Fig. 8 
DISCUSSION
It is important to discuss the meaning of these results in the context of a proton transfer that might take place within the confines of a protein. In particular, the Schiff base of bacteriorhodopsin is known to be involved in a proton transfer as part of the proton pumping activity of this protein (5-7) . Although the precise nature of the counterion to the protonated Schiff base is not known with certainty, the carboxylate group of an Asp residue appears a likely candidate (6, (24) (25) (26) (27) (28) (29) . Previous work of a computational nature has suggested that a change in relative orientation between a pair of H-bonding groups such as a Schiff base and carboxyl group can result in a transfer of a proton from one to the other (16, (18) (19) (20) (21) 42 Fig. 7 that decrease of the C--O.N angle a from 1500 or so to the 120°range can induce a transfer of the proton from the protonated Schiff base across to the carboxylate in the syn conformation.
Just as the transition from ion to neutral pair can be accomplished by changing the intermolecular angle, Fig.  7 indicates the same sort of transition can accompany an alteration of the interaction of the system with the dielectric medium. Taking the syn conformation with a = 1500 as an example again, the system exists preferentially as the ion pair when g is greater than 0.018. Alterations in the protein environment surrounding the pair that effectively diminishes this interaction would lower g below this threshold and favor the neutral pair instead. Such a change might result from certain geometric adjustments which reorient surrounding polarizable groups or restrict the motion of various groups.
Another important point arising from these calculations is that even a high degree of coupling with a dielectric continuum cannot force the transfer of a proton if the difference in proton affinity between the two species is too large. Specifically, NHCH2 cannot pull a proton off of a neutral water to form the HO---+HNHCH2 complex, despite largeg and/or changing the intermolecular angle. This finding argues against a water molecule or hydroxyl-containing residue acting as proton-donating counterion in bacteriorhodopsin.
A primary objective of this work has been to compare the pK shift that one can expect as a result of changing the intermolecular orientation within a dielectric medium, as opposed to calculated results in vacuo. Fig. 6 illustrates that reducing the angle a from 1800 to 1200 can have a dramatic effect indeed. In fact, the change in relative pK can be greater within a dielectric medium than in vacuo. As an example, shifts of up to 30 pK U are possible for the syn geometry of HCOO-eH+-NHCH2 with dielectric constants of only 10 or so whereas the pK shift vanishes as E goes to 1.
Of course, pK shifts are only useful concepts if they result in the transfer of the proton across the H-bond. Fig. 7 indicates that such a transfer may occur in the range 0.013 < g < 0.023 for the syn conformation of HCOO-<H+@NHCH2. The A(ApK) values for this geometry lie in the range of 5-12 U according to Fig. 6 . Similarly, a change in relative pK of 6-8 is associated with the 600 reorientation within the anticonformation for its range of 0.011 < g < 0.018.
Coupling of the system with the dielectric properties of the polarizable medium adds another dimension to the proton transfer process. As highlighted in Fig. 8 , the barrier to transfer from the oxygen atom to the Schiff base nitrogen drops as g is increased, facilitating formation of the ion pair. At the same time, the barrier for transfer in the reverse direction increases, making it more difficult to destroy the ion pair configuration. So from a kinetic point of view, as well as a thermodynamic perspective discussed above in terms of AE, the protonated Schiff base ion pair configuration is favored by progressively more polarizable environment. It should be emphasized that, apart from the changes in barrier height that normally accompany a shifting in energy of the two wells in a Hammond sense, the coupling with the external dielectric appears to have little additional influence upon the barriers.
The reader is cautioned against treating the data presented here in too quantitative a manner. First of all, the HCOO---H+--NHCH2 complex represents only a model representation of the aspartate-Schiff base pair in bacteriorhodopsin. Although it does nicely reproduce the relative proton affinities of the two pertinent molecules, and appears to mimic much higher level calculations of proton transfers (8, 43) , the 4-31G basis is not without certain weaknesses. Moreover, the SCRF treatment applied to model the interaction of the system with a polarizable continuum does not accurately reproduce all the static and dynamic features of the interaction with a protein molecule. In particular, it ignores some of the aspects of specific short range interactions, e.g., hydrogen bonds. It is suggested that the data be considered rather only in a qualitative sense in order to assess the potential of both angular features of the H-bond and coupling with the protein dielectric for affecting the proton equilibrium position in such systems. For example, the dielectric constants included along the top scale of several of the figures should not be taken literally. It is entirely possible that use of a different basis set, different cavity radius, or modification of the SCRF formalism would affect the data. However, this change would likely be an overall shift of the entire body of data to higher values of dielectric constant, leaving intact the general trends discussed above.
Correlation is probably not important for our purposes here, as shown by Thole and van Duijnen (44) , where dispersion was seen to have little influence upon the relative stability of the neutral and ion pairs, and also plays little role in changing the transfer barrier. Cybulski and Scheiner likewise found that the relative energies of the two wells in a proton transfer potential are often insensitive to correlation (42, 45) .
Despite the above limitations, our faith in the theoretical procedure is fortified by an experimental crystal study which (36) (37) (38) (39) . For the system composed of allylmethylimine and formic acid, the in vacuo results suggest the greater stability of the neutral pair, but this preference is reversed when coupling with a dielectric continuum is included (51) . Parra-Mouchet et al. (52) found that a solvent dielectric constant in excess of five or so is capable of stabilizing the ion pair over the neutral pair and that this transition point is relatively insensitive to intermolecular distance. Although various combinations of hydrogen halide with amines prefer the neutral pair in the gas phase, the SCRF treatment of solvation leads to ion pairs when the coupling is strong enough (53) . The effects of solvation were treated in a discrete fashion by Borstnik et al. (54) who surrounded the ethanolamineformic acid pair by 207 water molecules and thereby confirmed the ability of solvation to alter the relative stabilities of the neutral and ion pairs.
The ability of an external medium to shift the equilibrium from neutral pair to ion pair has been convincingly demonstrated by spectroscopic means by Zundel's group. For acetic acid-retinal in particular, these measurements indicated the presence of a double minimum potential in CCI4 solvent, with the ion pair more stable, i.e., lower enthalpy, by some 2 kcal/mol (55) . However, a more favorable entropy leads to observance of the neutral pair. In connection with bacteriorhodopsin itself, Hildebrandt and Stockburger have suggested (56) that the neutral pair would indeed be more stable than the ion pair were it not for the presence of a few key water molecules.
CONCLUSIONS
The equilibrium position of a proton in a system such as HCOO-*H+-NHCH2 depends upon at least two factors. Coupling with the dielectric properties of the surrounding protein favors the charge separation of the ion pair HCOO--H+NHCH2, i.e., protonated Schiff base. This proton can be pulled off either by a reduction in the degree of coupling or by a change in the CO..N intermolecular angle, characterized by a above. The calculations indicate very large relative pK shifts of up to 40 U may be associated with a 600 reorientation. In fact, several groups (57, 58) have previously commented on possible connections between the conformation of the Schiff base and the protonation state of this group and its counterion. But it is only over a certain range of dielectric coupling that the system becomes susceptible to proton transfer via reorientation. Within this range, the maximum pK shifts associated with this reorientation are between 5 and 12. In a more general sense, it must also be realized that even a high degree of coupling or large scale reorientation cannot cause a proton to transfer from A to B if the deprotonation energy of AH+ is much larger than that of BH+.
The results for the syn and anticonformations of the HCOO---H+-NHCH2 complex are fairly similar to one another in that both show an increasing tendency for ion pair formation at higher E and for larger CO..N angle. The principal difference is that the anticonformation forms the ion pair more readily in that it requires a smaller value of E to favor the ion over the neutral pair. The relative pK shifts associated with a 600 reorientation within the anticonformation are -7 U for all dielectric constants while A(ApK) rises with increasing E for the syn. It should finally be noted that the dynamics of proton transfer are consistent with the above trends in that as the ion pair becomes preferentially stabilized relative to the neutral pair, the energy barrier for formation of the former from the latter is lowered. 
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